Reliability continues to be an issue in the development of ceramic components for high-temperature, high-wear applications in advanced engine designs. Recently, highresolution, three-dimensional, X-ray computerized tomography (XRCT) has been shown to be invaluable for inspecting relatively small components. However, the time and system capacity required to collect complete highresolution data for large ceramic objects is often prohibitive. When only the critical regions of a large component need be inspected with high resolution, region-of-interest XRCT is a viable alternative. By using local XRCT methods on data taken through only the critical area, it is possible to reconstruct flat, "edge-enhanced" images in which density differences are clearly delineated. We present XRCT results from local scans of critical regions in a large, pressure-slipcast, Si3N4 turbine rotor and two Si3N4 test phantoms. We also illustrate how the method can be extended to larger assemblies of ceramic components.
INTRODUCTION

During the past several years, Ellingson and Vannier et al. (1989) and (1991) have developed three-dimensional X-ray computerized tomography (3-D XRCT) at Argonne National
Laboratory to characterize ceramics. The method and algorithm originally used were introduced by Feldlcamp et al. (1984) to expedite XRCT data acquisition by using an area detector to cover multiple horizontal planes within an object during one X-ray source rotation. Extremely high-resolution images can be obtained by using small detector elements, a small X-ray focal spot, or both. However, conventional (global) XRCT methods require that the object fit within the solid angle formed by the source and the area detector. This limits the specimen size or requires a large detector and a correspondingly large data set.
A variation of global XRCT, termed local XRCT, was proposed by Vainberg et al.(1981) and by Smith and Keinert (1985) as an alternative to global XRCT for applications in which the scanned object does not fit within the X-ray source/detector solid angle. In some sense, local XRCT is analogous to simple film-based tomography. Contributions from the volume of the object outside the region of interest (ROI) are blurred and faint compared to those constructively reinforced from the volume inside the ROI. Application of such a procedure is illustrated in Fig. 1 , which shows how the ROI scan of a large ceramic ring can be obtained. Although local XRCT images do not correspond to absolute densities, they do exhibit density differences and do not suffer the severe shading artifacts that occur when global methods are used on ROI data. The drawbacks, i.e., amplification of image noise and "ringing" at the edges of objects, can be mitigated by spatial smoothing, and the edge enhancement can even be helpful in locating boundaries, as shown in Sivers et al. (1992) .
In the following sections, the advantages of local XRCT over global XRCT are demonstrated in ROI reconstructions of an Si3N4 turbine rotor and two ceramic phantoms. Also examined are improvements in methods of local XRCT data collection that do not apply to global XRCT. Reconstruction with local XRCT is actually faster than with global XCRT because the local convolution filter is only 5-13 points wide, rather than the full width of the data set. The local convolution filter that we use is taken from Faridani et al. (1990) and is given by Eq. (1).
COMPARISON OF LOCAL AND GLOBAL XRCT ALGORITHMS
Differences
Here m is an arbitrary parameter, Cm is a constant, and 1 is the ratio of the spatial variable divided by the point-spread function (PSF) radius for the scanner ( I n I 5 1).
Although local filters are continuous, they must be sampled for digital implementation at a rate consistent with the physical sampling of the CT scanner. This is not straightforward. Nyquist sampling theory requires at least two samples per PSF and actual PSF width varies radially within an XRCT image. In analogy with global CT, one can force a sample to land on the filter minimum and choose the sample spacing to be an integral divisor of the interval between the maximum and the minimum. In the continuous form, the integral over the local CT filter is zero for all possible values of m, but this is not true of sampled filters. However, it is possible to choose m such that the sum of the sampled terms is zero. The filter we use has the value m = 11.703 and places the second sample on the filter minimum. This filter smoothes image noise without sacrificing spatial resolution unnecessarily.
Local CT filters themselves introduce a very slight cupping, even on reconstructed images made from full-data sets of uniform objects. The cupping is easily removed by adding a scaled, simple backprojection of the data to the local reconstruction.
COMPARISON OF LOCAL AND GLOBAL XRCT RECONSTRUCTIONS
The following series of images illustrates the advantages of local CT in ROI reconstructions of ceramic components for engines. Figure 2 illustrates the extent to which shading can obscure a small feature near the circumference of an ROI image. Figure 2a is a sketch of a high-resolution Si 3N4 phantom; the dark circles represent holes drilled in the cylinder, and the large circle marks the ROI. Figure 2b is a global reconstruction of this ROI. The shading in this global reconstruction is so severe that the 25-p.m hole is not discernible. Figure 2c shows the local reconstruction of the same phantom. The background gray level is very flat and the 25-gm hole is discernible. Figure 3 illustrates the extent to which shading can degrade the reconstructed density of uniform features near the circumference of a ROI image. Figure 3a is a sketch of a density phantom, which consists of a cylinder of Si3N4 GN-10 injection molding mix, which contains 15.5% organic binder by weight. Embedded in the cylinder are five plugs of Si3N4 GN-10 injection molding mix containing percentages of organic binder that vary from 2% to 14.5%. A slice of the global reconstruction Fig. 3b is severely shaded, with the result that each plug seems to have nonuniform density. The same slice of a local reconstruction shown in Fig. 3c clearly shows that each plug has uniform density and that each has a different density. Figure 4 illustrates the application of local tomography to an Si3N4 turbine rotor. Figure 4a is a sketch of the rotor showing the ROI. Figure 4b shows one slice of a global reconstruction of the turbine rotor. Shading is so severe that the rotor blades are difficult to distinguish. Figure 4c shows the same slice of a local reconstruction of the turbine rotor; this image is of uniform density and the blades are easily distinguished. -Comparative evaluation of noise in global and local CT images is not simple. A major shortcoming of full-data global CT is that flux through a dense object cannot exceed that which the X-ray detector can accommodate when the object is absent. But with local CT, the dynamic range of the detector need span only the X-ray attenuation variations within the ROI. In practical terms, this means that the signal-to-noise ratio attainable with local CT can be much higher for a given data-collection time.
Even given the same flux rate, a comparison of signal-tonoise ratios between global and local CT is difficult. One measure of noise amplification is the sum of the squares of the CT convolution filter terms. The sum of the squares of the local CT filter terms is 1.3 times larger than that of the SheppLogan (1974) filter terms. This increases the standard deviation of the reconstruction noise by about 1.14. However, because global ROI CT produces a "cupped" image, the full range of the display is mapped differently than that of the "flat" local ROI image. Contrast in global CT images is directly proportional to differences in X-ray attenuation, but contrast in local CT also depends upon feature size. Figure 5a shows plots of row 218 from Figs. 2b and 2c. This row 
FIGURE 2(B) ONE SLICE OF GLOBAL RECONSTRUCTION OF ROI OF Sl3N4 HIGH-RESOLUTION PHANTOM.
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FIGURE 3(A) SKETCH ILLUSTRATING SI3N4 DENSITY PHANTOM; LARGE CIRCLE REPRESENTS ROI FOR WHICH XRCT DATA WERE COLLECTED. FIGURE 3(B) ONE SLICE OF GLOBAL RECONSTRUCTION OF ROI OF S131•14 DENSITY PHANTOM. FIGURE 4(A) SKETCH ILLUSTRATING SI3N4 TURBINE ROTOR; LARGE CIRCLE REPRESENTS ROI FOR WHICH
XRCT DATA WERE COLLECTED. passes through the middle (out of 512) 508-gm hole. It is evident from these profiles that the ratio of noise on the image to contrast of the hole with the background is approximately equal in each image. However, the holes in Fig. 2 are relatively small, and local CT tends to amplify small features. Figure 5b shows plots of column 285 (out of 512) from Figs. 4b and 4c. This column falls to the right of the rotor blade.
FIGURE 4(B) ONE SLICE OF GLOBAL RECONSTRUCTION OF ROI OF TURBINE ROTOR.
Here, the ratio of noise to contrast between turbine material and air is greater in the local CT image. But even in a direct comparison, the ability of local CT to evenly distribute the range of the display over a "flat" image probably outweighs the slight increase in noise.
LOCAL CT IMPROVEMENTS
Local ROI XRCT offers the potential for improvements not available to global XRCT. As mentioned previously, the Xray detector need accommodate only the attenuation variation within the region of interest. In fact, if a priori information about the shape of the object is available and a reference detector is used to record variations of the X-ray flux as a function of time, the X-ray intensity can be varied during the scan to optimize use of the dynamic range. For example, the statistical noise in the rotor blade in Fig. 4c is much higher than the noise in the body of the rotor. The illustration in Fig. 4a shows that the X-ray path length parallel to the blade is much longer than the path length perpendicular to the blade. Thus, if the flux is made very high when the minimum path length in a particular direction is long, and is decreased when the minimum path length is short, the X-ray flux will be maximized and the signal-to-noise ratio will be uniformly high.
It is also possible to make very accurate measurements of parts of large objects using local XRCT. As illustrated in Fig. 1 , a small detector and a high-flux source can measure sections of a large, irregularly shaped engine component with high accuracy. The entire object can be measured by shifting the ROI.
CONCLUSIONS
While global CT is indispensable for determining absolute Xray attenuation coefficients, region-of-interest (ROI) CT has two major advantages for high-resolution inspection of large ceramic components. One of these is the ability to use tailored, high flux rates that would oveffange the X-ray detector if the air paths needed for full-data global CT were required. This enables a high signal-to-noise ratio to be obtained on images. The other is the facility to collect veryhigh-resolution data inside large objects by using a small, inexpensive X-ray detector and correspondingly small data sets.
However, "cupping" and "shading" can mask features if ROI data are reconstructed by unmodified global algorithms. The local CT algorithm reconstructs "flat" images from ROI data faster than is required for the global method and without additional data processing. In these images, small features are enhanced and all features are visible in the full range of the display. Local CT does produce ringing at the edges of features, but this can be used to facilitate feature measurement. Local CT images sometimes appear to be noisier than global CT images taken with the same X-ray flux, but quantitative comparisons are difficult to make because of the differences in mapping the data range to the display and because of the nonlinear representation of X-ray attenuation by the local algorithm. In any case, ROI data collection can appreciably reduce noise relative to use of full-data collection. On balance, local CT is judged to be a valuable new tool in the arsenal of inspection techniques for ceramic components.
